1. add-1 was identified in an RNAi screen for cosuppression secondary to germline transgene silencing (Robert et al., Genes Dev., 2005) . The authors should comment.
2. Is the add-1 allele a hypomorph or loss of function? The authors should test by placing the allele over a deficiency.
3. The authors should state whether the assays in the manuscript were done "blind" with respect to genotype.
4. Figure 1G , the authors should provide the chemotaxis index.
5. GFP can be photoconverted under certain conditions causing a spurious fluorescence in the red channel. The data in Fig. 2 & Fig. 3 are consistent with such a process because everywhere there is green signal, there is also red signal. This is quite worrisome given what is known about adducin localization. The data is largely inconsistent with the expression pattern of the drosophila and mouse homologues of add-1 (Pielage et al., Neuron, 2011; Bednarek et al., Neuron, 2011) . The authors could address this concern. The best way is to make a separate transgenic strain that expresses only the fluorescently-tagged ADD-1 and examine the expression pattern of ADD-1. It should look identical to what is shown in Figs. 2 and 3.
6. The authors need to show that the tagged-ADD-1 is fully functional.
7. The authors use mini-gene constructs. These constructs contain a significant amount of intronic sequence that might direct transcription. The experiments in Fig. 2P should use cDNA constructs, not minigenes. Also, the experiments in Fig. 2Q , should use the rig-3 promoter, not the native promoter.
8. By eye, the intensity of ADD or GLR-1 in Fig. 3 appears less intense after conditioning, rather than more intense. How were the signals analyzed, background subtracted? Is the data for A and B shown at the same intensity scale?
9. The FRAP experiments are significantly flawed because the worms are immobilized with the metabolic poison sodium azide rather than conventional agents. In fact, none of the imaging experiments should use azide. Also, it is difficult to ascertain how the experiments are done. More details are required. What is the scale in Fig. 4A? 10. Is add-1 acting through GLR-1 to affect memory? What defects are observed in glr-1 mutants? In AVA-specific knock down of GLR-1? What is the phenotype of glr-1;add-1 double mutants?
11. More details are needed about the cytochalasin experiments. Does cytochalasin block learning?
Referee #2 This is an extremely interesting paper on the function of adducin in short-term memory and perhaps long-term memory (see major comments) in C. elegans and humans. The authors demonstrate that add-1 mutant worms are able to sense chemicals and chemotax normally, but are unable to maintain associative aversive memory for chemical stimuli. They showed that is it the add-1 mutation that causes this defect by rescuing the different splice variants of the gene and demonstrating that two of the splice variants are sufficient to rescue these defects. They also suggest (but see major comments) that this gene functions in the context of short-term memory in AVA by stabilizing learningdependent changes in GLR-1 after learning. They go on to demonstrate that humans SNPs in the locus of the adducin gene have variations in learning ability and that they can rescue the memory defects in the worm with a "humanized" version of adducin.
Major Issues:
1) The manuscript is not well written and does not flow well. It also contains many sentence fragments and spelling errors, please address these concerns.
2) The authors claim ADD-1 functions in short-term as well as long-term memory.They do not provide sufficient evidence that ADD-1 functions in long-term memory because it is not clear that the behavioral assay they are using specifically tests long-term memory. The long-term memory test used in this study has not been used in the past, and therefore they must first demonstrate that this form of training induces a true long-term memory. The authors must either use a previously validated long-term memory task to test the add-1 mutants or they must validate that memory that is present at 16 hours as a true long-term memory by demonstrating that it depends on protein translation and or protein transcription. This is a requirement because there is evidence that intermediate-term memory in C. elegans (and other species) can induced by spaced training and observed at 10-16 hours (Timbers & Rankin, 2011) . This memory is not considered a long-term memory because it is apparent less than 24 hours after training, does not require de novo protein synthesis and does not require the transcription factor CREB. This is not to say that long-term memory cannot be present at 16 hours, but since true-long-term memories are generally considered to be protein synthesis dependent. See Kauffman et al. (2010) for an example of this in C. elegans where they elegantly show that although they are testing for memory at 16 hours their training induces a memory that lasts > 24 hours, and that this memory is dependent on protein synthesis, transcription and the transcription factor CREB.
3) To test for the cell-specific function of ADD-1 in the context of memory the authors created constructs where ADD-1 was under control of different promoters. Their method of doing this involved fusing the N-terminal portion of the ADD-1 cDNA with the C-terminal portion of add-1 genomic DNA. This is problematic, in that by including the genomic DNA of add-1, the authors cannot ensure that ADD-1 is being specifically expressed under control of the promoters they chose. Regulatory elements could be present in the non-coding sequences (introns or 3' sequence) of the genomic sequence of add-1, that would allow its expression elsewhere. To avoid this, the authors must use only the cDNA of ADD-1 if they wish to show that it is specifically required in cells that different promoters are known to be expressed in. 4) Throughout the paper the authors jump back and forth between data from worms and data from mammals without clarifying which comes from which. This leads to over-generalization of the data from this study.
5) The authors need to do the proper controls for classical conditioning with the WT and add-1 worms to ensure they really are showing classical conditioning and not some other effect of the CS or the US (and these need to be done with each of the paradigms used). These include CS/US paired, CS (starvation) alone, US (DA) alone and CS/US unpaired. Without these controls it is not possible to interpret the data. This is true for both the behavior and the imaging experiments. 6) In the table on figure 2 the authors list the cells each promoter drives expression in. The authors need to be more accurate in listing promoter expression in both the table and in the text. In Wormbase there is data to suggest that glr-1 is also expressed in RIG. Most critically, they list AVA as the only cell that the rig-3 promoter drives expression in -this is not true. The literature indicates that rig-3 is also expressed in pharyngeal neurons, the amphid sheath and weakly in PVT. Also, tdc-1 is expressed in the RIC neurons as well as RIM.... This needs to be disclosed to the reader. The authors should add some caveats to their statements that the effects are in AVA only; or they need to spell their logic out more clearly.
Minor Issues:
Abstract:
1) Several forms of olfactory learning exist in C. elegans (olfactory adaptation, non-associative learning -olfactory habituation, appetitive associative olfactory learning and aversive olfactory learning). The authors should specify in the abstract which one they are investigating. 2) Is the finding specified in the 4th sentence of the abstract (regarding consolidation and regulation of GLR-1 dynamics) a finding from the present paper of one from the literature? Please specify.
3) The fifth sentence would sound better as: "ADD-1 controlled the storage of memories presumably through actin capping activity in a splice-form and tissue-specific manner." Introduction:
1) In the first sentence of the introduction the authors state that creation of new synapses, morphological changes of dendrites and redistribution of proteins during long-term potentiation (LTP) are responsible for the plasticity of the nervous system, but they omit the findings that longterm depression is also required for many forms of plasticity, and is even required for several forms of learning and memory. This should be included in their introduction.
2) The authors state that "The two main regions are connected by the neck-domain that is critical for the function of adducins (Li et al, 1998)" -but do not clearly state in their description of the protein which of the three regions of the protein they describe are the main regions (they describe three regions: the head region, the tail region and the lysine-rich region).
3) On page 4, first paragraph, the authors state that Rubenstein and colleagues' (2005) study "suggests" adducins may play a role in learning and memory -this weak word ("suggest") diminishes the impact and importance of Rubenstein et al.'s findings as they clearly demonstrate a role for adducins in learning in memory in mice. 4) On page 4, last paragraph, the authors state that C. elegans responds to olfactory, gustatory and thermal cues. This statement is accurate, but leads the reader to believe that these are the only environmental cues that C. elegans responds to (they also respond to changes in oxygen, osmolarity, mechanical stimuli, intense blue light and many other cues). The breadth of cues that C. elegans respond to should be alluded to here.
5) The authors do not give enough background information to the reader to understand the importance of the last sentence of the second paragraph on page 5 ("Sustained stabilization of synaptic structures therefore, may increase for a longer time period the sensitivity towards negative environmental cues of the command interneuron AVA that is the main regulator of backward movements."). Please explain the role of AVA in the behavioral assays the authors study and how changes in its sensitivity could regulate behavior (i.e. how can changes in AVA cause changes in chemotaxis?). 6) In the last sentence of the introduction the authors state "Furthermore, we demonstrate that capping of actin filaments at the fast growing barbed-end is required for long-term consolidation of synaptic plasticity, suggesting that dynamic remodeling of the actin cytoskeleton in spines during learning has to be followed by stabilization of actin filaments for efficient memory storage." This is a strange claim given that C. elegans neurons do not have spines.
Results:
1) The authors use the term "reinforced learning"-this is classical conditioning-there is no reinforcement-there is an appetitive US.
2) On pg 8 the authors say "These interneurons project their axons along the ventral nerve cord where they are interconnected mainly through glutamatergic synapses." Please reference this-what is the evidence that these synapses are glutamatergic? They do express glutamate receptors, but the transmitter that they use has not been conclusively identified.
3) Pg 10 first sentence: What does this mean "synapses in C. elegans undergo size rearrangement upon associative learning and memory consolidation"? What is size rearrangement? 4) Figure 3D ,E and figure 4: The correct controls to use for imaging would be worms that got the CS and the US in an unpaired fashion, and/or a CS alone and US alone control group...just to control for the possibility that exposure to DA and/or starvation altered glr-1 expression or altered glr-1 trafficking.
Methods: 1) No methods describing the long-term memory assay. Please address this.
Discussion: 1) Pg 14 "AVA is the main regulator of backward movement" should be attributed to Chalfie et al 1985.
2) In the last paragraph on page 14, the authors suggest that as adducin is in other species, ADD-1 in C. elegans could be regulated by several kinases (PKC, PKA, and CaMKs) -is there any evidence for the role of these kinases in the associative aversive olfactory learning literature in C. elegans? Other species? In addition the conclusions about actin and the role of the various drugs used rests heavily on mammalian literature-what evidence is there to suggest these drugs have the same effect in C. elegans? Did the authors attempt to image actin to see if their hypotheses were correct or that the drugs had the effect they predict? The authors need to be much clearer about what are the results of this study on C. elegans and what is speculation they are making about mammalian systems.
3) On page 15, the authors state "In contrast to habituation, associative learning in C. elegans increases synaptic sensitivity and cause a dynamic remodeling of synapses without formation of new synapses (Stetak et al, 2009 )..... In contrast to the changes observed in the number of GLR-1 punctae during repeated long-term mechano-stimulation..." What is being referred to here? The most likely thing is Rose et al. 's (2003) finding that long-term memory for habituation leads to a down regulation of glr-1 in the ventral cord and a decrease in the size of GLR-1::GFP size 24 hours after mechanosensory hab training. Rose et al did not find a change in number of puncta. Please cite the work correctly and give the appropriate reference.
4) The authors argue in the present study that they observe memory defects in add-1 mutants, whereas Rabenstein et al. (2005) observe both learning and memory defects in adducin KO mice. Please discuss. Thank you for submitting your manuscript to the EMBO Journal. This manuscript is a resubmission of MS # 78351 that was rejected post-review earlier this year.
I asked the original two referees to review the manuscript. Referee #2 was available to review the new submission, while the original referee #1 was not. I also involved a new referee (referee #3). I have now heard back from the two referees and their comments are provided below. As you can see, both referees find the analysis very interesting and suitable for publication here. They raise some relative minor concerns that shouldn't involve too much additional work to address. Once these issues are dealt with we will proceed with the acceptance of the study for publication here. Referee #3, suggest removing the human ADD1 gene association aspect of the paper as s/he feels that it doesn't add much to the paper. I would prefer to keep this part in the manuscript, as I find that it adds to the study. A note regarding the human ADD1 gene association part, I am still waiting for the input from the technical expert on that aspect of paper. I would like to point out that this input will not affect the decision to accept the study, but more if we will keep figure 7 in the paper or if it has to be modified. As soon as I hear back from the expert I will get back to you.
Thank you for submitting your interesting study to the EMBO Journal.
Editor
The EMBO Journal REFEREE REPORTS
Referee #2
The new manuscript is much improved and all of reviewer's concerns were met. There are only two major issues left with the paper that the authors can easily address with writing. This manuscript is acceptable and suitable for publication in EMBO if these changes are made.
New Major Issues:
1) A difference is observed in GLR-1 mobility between naïve wild-type and naïve add-1 mutants but is not discussed. Why is GLR-1 less mobile in add-1 mutants? I would expect the opposite.
2) The authors find that knocking down GLR-1 specifically in AVA does not give the learning defect observed in glr-1 mutants -only the memory defect is observed (same defect as is add-1 mutants) -this is very interesting and should be clearly pointed out in the results section as well as more thoroughly discussed in the discussion (it is merely eluded to in this section).
New Minor Issues:
1) The first sentence of the introduction says LTP and LTD "create" the remarkable plasticity of the nervous system, but to the best of my knowledge this has not been conclusively demonstrated (no one has induced LTP or LTD and induced memory). The authors should be more conservative with their statements (e.g. LTP and LTD are hypothesized to underlie the remarkable plasticity...).
2) A similar problem exists with the second sentence of the introduction. The word "can" should be introduced in front of the word "triggers" (and triggers should be changed to trigger).
3) On page #5, in the first sentence "orthologous" should be changed to "orthologue". Also, in this sentence a comma should exist after add-1. figure 2 , panel P, some of the neuron names are cut off (e.g. SIA and the one following AIB -R...?).
4) In
5) On page #12, the first sentence in the section labeled "GLR-1 function in AVA..." doesn't make sense.
6) On page #15 in the discussion the fourth sentence is missing words or is grammatically incorrect.
Referee #3
"A role for a-adducin (ADD-1) in nematode and human memory
Summary
In this paper, Vukojevic et al. use the model organism C. elegans to study the role of the actin regulatory protein a-adducin (add-1) in learning and memory. They take advantage of the model system to characterize add-1 function by combining several experimental approaches: behavior, microscopy (including dynamic imaging), pharmacology and transgenic rescue experiments. Using an aversive olfactory associative learning and memory paradigm, the authors show that add-1 mutants have a specific defect in short-and long-term memory without affecting locomotion and chemotaxis. Interestingly, they show that add-1 mutants have a specific effect on memory with no apparent effect on learning. Vukojevic et al. perform a nice and thorough series of rescue experiments to address the site of action and relevant splice forms of ADD-1, and propose that add-1 functions in AVA interneurons. In wild type animals, ADD-1 and GLR-1 accumulate at putative synapses in the ventral nerve cord immediately after aversive olfactory conditioning and after a 30 min delay. However, add-1 is required for the GLR-1 accumulation after the 30 min delay. Impressive cell-specific GLR-1 knock-down experiments show that GLR-1 is required in AVA for short-term memory. FRAP experiments indicate that aversive olfactory conditioning reduces GLR-1 mobility in an add-1-dependent manner. Exogenous application of the actin-capping compound cytochalasin B rescues the add-1 mutant defects for short-term memory and GLR-1 accumulation, suggesting that the actin-capping function of ADD-1 is relevant. The authors propose that ADD-1 regulates short-term memory in C. elegans by presumably capping actin in order to stabilize and maintain increased glutamate receptors at synapses after aversive olfactory associative learning. Overall, the findings in this paper are interesting and significant, and the quality of data is good. However, some conclusions are overstated and need to be rewritten for clarity and accuracy, and the entire manuscript needs to be properly proofread for grammar and word usage (see below).
Major comments 1) Some conclusions are overstated and should be carefully reworded. In particular, there are several places in the manuscript where the authors claim specific gene function in AVA but do not have the proper experiments to validate these conclusions. This issue can be resolved if the authors carefully reword these statements throughout the text for accuracy.
Several examples are listed below (although the authors should check the manuscript thoroughly for accuracy):
On p8 the authors state "This subcellular distribution suggests a structural role of ADD-1 in the GLR-1 containing synapses of AVA, AVD and AVE command interneurons." GLR-1 is expressed in many neurons including the ones mentioned, thus it is not clear how the authors know that the synapses observed are from AVA, AVD and AVE.
On p16 in the Discussion, the authors state that "the persisting changes in GLR-1 cluster size that correlate with memory consolidation require the presence of ADD-1 and GLR-1 in AVA." The role of ADD-1 in regulating GLR-1 was not shown specifically in AVA.
On p12, the authors state "we found that adducin regulates GLR-1 positive synapse structure and GLR-1 turnover in AVA interneuron specifically during memory formation. ." This statement is not correct. FRAP experiments to measure GLR-1 turnover were not done specifically in AVA.
2) The manuscript should be thoroughly proofread for grammar, proper word usage, spelling and correct labeling of Figures and legends.
3) The human ADD1 gene association studies should be removed and published in a separate study. These studies are distracting, make the manuscript disjointed, and do not add significantly to the current work. It only makes sense to include these data if, for example, the authors were able to show that a specific associated SNP/point mutation in human adducin or the corresponding point mutation in worm adducin was unable to rescue the short-term memory defect (and better yet, also caused a defect in the ability of adducin to accumulate at synapes or to function in actin capping).
4) The authors need to clearly define experimental terms and to be consistent in their nomenclature. For example, they switch randomly between different experimental terms in the text, figure legends and figures. For example: untrained vs naive vs unconditioned and conditioned vs immediate. See  Fig 3 legend . See Fig 4B vs 4D : what is the difference between "immediate" and "conditioned?"
5) The authors refer to changes in "synapse morphology," in "synapse volume" and "synaptic size expansion" throughout the text. For example, on p17, the authors state "we observed [an] increase in the amount of GLR-1 signals together with synaptic size expansion . . " How do the authors define synaptic size expansion? Have they looked at other synaptic markers or are they just referring here to an increase in the amount of GLR-1 at the synapse? The authors need to examine other synaptic markers in order to make comments about synapse size. Alternatively, the text can be reworded to refer more specifically to changes in the amount of GLR-1.
Minor comments 1) Why are the authors imaging in the posterior ventral cord? Are there relevant AVA synapses in this region?
2) More details need to be included in the Materials and Methods. These need to be described more clearly or properly referenced. For example, what concentration of sodium azide was used to paralyze animals, how were polystyrene beads used to immobilize animals, what are the sizes of the promoters used in the various rescue experiments, what does "30 pulses at maximum energy" really mean for the FRAP conditions?
3) The FRAP data needs to be more clearly explained in the context of the model. I have now heard back from the referee evaluating the human ADD1 gene aspect of the paper (figure 7). The referee finds that aspect of the study fine, but also has a few suggestions for how to improve this figure. I would therefore like to ask you to take the comments raised by this referee into consideration when you submit your revised manuscript.
Thank you for your patience! Editor The EMBO Journal REFEREE REPORTS Referee #4
As requested, I am providing my input only regarding the genetic analysis presented in Figure 7 .
The results and their interpretation seem adequate, however I have few suggestions: 1) The author should give more details on how the tagging SNPs have been selected. Did they use any particular methods based on HapMap information on LD blocks? This approach would guarantee they are capturing most of the genetic variation in this region. As far I could see they only say they "selected 21 SNPs" but did not explain the criteria for selection.
2) The figure should explain the color-coding used for the LD plot in panel B. They are showing R2 values, but it is not clear how many blocks are present.
3) Sample size should be reported in the figure. The results reported refer to the sample 1 and 2 combined and I was not clear how the two samples were treated differently. If the genetic analysis was conducted only in the combined sample it is probably better not to talk about a Sample 1 and a Sample 2 but just described the combined sample.
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